Introduction
============

In the United States alone, over 900,000 allografts are transplanted per year.[@b1-oajsm-7-123] The American Association of Tissue Banks estimated the use of 1,100,000 musculoskeletal allografts in 2009.[@b1-oajsm-7-123] Anterior cruciate ligament (ACL) reconstruction is commonly studied in the United States. An estimated 200,000 ACL ruptures occur annually, and use of musculoskeletal allografts has increased over the past years.[@b1-oajsm-7-123]--[@b4-oajsm-7-123] Patellar bone-tendon-bone (PBTB) allografts are commonly used in ACL reconstruction,[@b3-oajsm-7-123],[@b5-oajsm-7-123],[@b6-oajsm-7-123] while iliotibial bands are gaining popularity.[@b7-oajsm-7-123]--[@b9-oajsm-7-123] Other allografts such as the peroneus longus (PL) and peroneus brevis (PB) tendons have shown strength properties that are similar to the ACL.[@b7-oajsm-7-123],[@b10-oajsm-7-123],[@b11-oajsm-7-123]

Allograft implantation brings a higher risk for harmful pathogenic transmission compared to an autograft. Traditional sterilization methods for implanting medical devices include dry heat, moist heat, ethylene oxide, electron beam exposure, and gamma irradiation to prevent possible bacterial and disease transmission.[@b3-oajsm-7-123],[@b12-oajsm-7-123]--[@b14-oajsm-7-123] Tissue banks usually favor the use of gamma irradiation for allografts.[@b15-oajsm-7-123] Several studies have shown that the effects on biomechanical properties among allografts are dose dependent.[@b1-oajsm-7-123],[@b12-oajsm-7-123],[@b16-oajsm-7-123]--[@b18-oajsm-7-123] For example, a study demonstrated that 15 PBTB allografts that received a gamma irradiation dose of 3.0 and 4.0 Mrad showed a dramatic reduction in stiffness, maximum force, maximum elongation, strain energy, and maximum stress, while 15 PBTB allografts that received a gamma irradiation dose of 2.0 Mrad only showed a significant difference in maximum force, strain energy, and maximum stress.[@b16-oajsm-7-123] Along with the previous study, another study has shown that a dose of 2 Mrad can affect the strength of allografts as well.[@b19-oajsm-7-123] The dosage that the allografts receive typically depends on the protocol of the tissue bank. The American Association of Tissue Banks conducted a survey and found that 29 out of 36 tissue banks use a standard gamma irradiation dose ranging from 1.0 to 3.5 Mrad, with the majority of the tissue banks utilizing a gamma irradiation dose ranging from 1.0 to 1.8 Mrad.[@b15-oajsm-7-123],[@b20-oajsm-7-123]

Purpose
=======

Throughout our literature research, we found no studies that investigated ultimate load, ultimate stress, elongation, and strain differences among NI and IR PL and PB tendons. This study was designed to investigate the biomechanical properties of nonirradiated (NI) and irradiated (IR) PL and PB. We hypothesized that there would be no statistically significant difference in terms of ultimate load, ultimate stress, elongation, ultimate strain, and structural stiffness between the NI and IR tendons (PL and PB).

Materials and methods
=====================

Preparation of the allografts
-----------------------------

Seven pairs of PL tendons and ten pairs of PB tendons were procured from male and female cadavers at the UMTB (Vivex Biomedical Inc.) following the current AATB standards and FDA regulations. Institutional review board approval was not required, as in the context of tissue banking, the gift of tissue and consent is for both transplantation and research. Ages of cadavers ranged from 13 to 57 years, with a mean age of 41.6 years. Tendons were cleaned of remaining connective tissues and rinsed in saline solution prior to packaging and freezing at −80°C. The left side of each allograft was gamma IR at 1.5--2.5 Mrad on dry ice, while the right side was kept aseptic and NI. Gamma IR was performed by Sterigenics, Charlotte, NC, USA.

Biomechanical testing
---------------------

Allografts were thawed for 2--3 hours at room temperature (23°C) before testing. The diameter of each allograft was measured in a double loop configuration using a tendon sizer after being sprayed with saline. Allografts were then mounted in custom freeze grips, with an active length of 4 cm. Both grips were then frozen in liquid nitrogen for 20 seconds before being placed in the MTS model 858 MiniBionix II (Eden Prairie, MN, USA). The expected length of a reconstructed allograft between the tibial and femoral anchors was approximately 4 cm. After mounting each specimen in the soft tissue grips in a single-strand fashion, a preload of 10 N was applied, and when it had reached steady state, the allografts were finally pulled in displacement control at a constant displacement of 4 cm/sec to create a strain rate of 100%/sec. Failure mode was recorded, and only specimens showing intraligamentous rupture were included in the analysis.

Biomechanical parameters
------------------------

The parameters recorded throughout each sample in this study were the force and displacement. From the force and displacement graph, the peak force (N) and the excursion of peak force (mm) were noted. Each load--displacement curve was plotted in Excel, and a range of the earliest visually linear portion of the curve had linear regression applied, ie, if *R*^2^\>0.95, that slope was used as the structural stiffness (N/mm). From the ultimate load, the ultimate stress (MPa) was calculated by dividing the load by the cross-sectional area of the graft, which is calculated from the double loop diameter.

Statistical analysis
--------------------

Student's *t*-test was used to compare the matched pairs of allografts. Threshold *P*-value was set at 0.05.

Results
=======

Peroneus brevis
---------------

Three pairs of PB tendons were statistical outliers due to the failure of the tendons at the grip or pulling through the grip. Thus, only seven pairs of PB were included. The mean ultimate load for the NI (right side) PB allografts was 1,485.7±209.3 N, while for the IR PB allografts (left side) it was 1,318.4±296.9 N ([Figure 1](#f1-oajsm-7-123){ref-type="fig"}). The mean ultimate stress for the NI PB allografts was 82.4±19.0 MPa, while for the IR PB allografts it was 72.5±16.6 MPa. The elongation at the peak load was 10.3±2.3 mm for the NI side and 13.5±3.3 mm for the IR side. This strain amounts to 25.8%±5.6% for the NI side vs 33.7%±8.3% for the IR side ([Figure 2](#f2-oajsm-7-123){ref-type="fig"}). None of these differences were statistically significant. The structural stiffness was 232.1±45.7 N/mm for NI and 161.9±74.0 N/mm for IR, and this difference was statistically significant (*P*=0.034). [Table 1](#t1-oajsm-7-123){ref-type="table"} summarizes these findings.

Peroneus longus
---------------

Two pairs of PL tendons were statistical outliers due to the failure of the tendons at the grip or pulling through the grip. Thus, only five pairs of PL were included. The mean ultimate load for the NI PL allografts was 2,091.6±148.7 N, while for the IR PL allografts it was 2,122.8±380.0 N ([Figure 1](#f1-oajsm-7-123){ref-type="fig"}). The mean ultimate stress for the NI PL allografts was 90.3±11.3 MPa, while for the IR PL allografts it was 94.8±21.0 MPa. The elongation at the peak load was 17.4±5.3 mm for the NI side and 16.3±2.0 mm for the IR side. The ultimate strain was 43.6%±13.2% for the NI side vs 40.8%±5.1% for the IR side ([Figure 2](#f2-oajsm-7-123){ref-type="fig"}). The structural stiffness was 216.1±59.0 N/mm for the NI side and 195.7±51.4 N/mm for the IR side. None of these differences were statistically significant. [Table 2](#t2-oajsm-7-123){ref-type="table"} summarizes these findings.

Discussion
==========

The possibility of irradiation affecting the biomechanical properties of PL and PB allografts for the use in ACL reconstruction is still a concern. Our study aimed at investigating the difference in ultimate load, ultimate stress, elongation, ultimate strain, and structural stiffness between the NI and IR PL and PB. Numerous groups have studied biomechanical differences between NI and IR tendons.[@b3-oajsm-7-123],[@b6-oajsm-7-123],[@b12-oajsm-7-123],[@b15-oajsm-7-123]--[@b17-oajsm-7-123],[@b21-oajsm-7-123],[@b22-oajsm-7-123]

Our statistical comparisons found no significant differences for ultimate load, ultimate stress, elongation, and ultimate strain between IR and NI PB and PL tendons when sterilized with 1.5--2.5 Mrad of gamma irradiation. Only the structural stiffness of PB tendons was significantly reduced upon irradiation.

The main limitation of this study is that only one dose of gamma irradiation was used for all the allografts tested.

Conclusion
==========

The dose range used in this study sufficiently inactivates nonencapsulated pathogens, for example Porcine parvovirus.[@b23-oajsm-7-123] We are unsure if this dose range would inactivate encapsulated organisms such as *Clostridium*. However, tissues with such pathogens would not be used for allograft transplantation. Future studies are needed to determine adequate dosages to inactivate encapsulated pathogens so that more allografts can possibly be transplanted. The observed differences between IR and NI peroneus tendons are, for the most part, not statistically significant, thus increasing the source of available allografts for ACL reconstruction.
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![Mean ultimate load (N) comparison between NI and IR peroneus tendons.\
**Notes:** The mean ultimate load for the NI PB allografts was 1,485.7±209.3 N, while for the IR PB allografts it was 1,318±296.9 N. The mean ultimate load for the NI PL allografts was 2,091.6±148.7 N, while for the IR PL allografts it was 2,122.8±380.0 N.\
**Abbreviations:** IR, irradiated; NI, nonirradiated; PB, peroneus brevis; PL, peroneus longus.](oajsm-7-123Fig1){#f1-oajsm-7-123}

![Mean ultimate strain (%) comparison between NI and IR peroneus tendons.\
**Notes:** The ultimate strain of PB was of 25.8%±5.6% for the RI side vs 33.7%±8.3% for the NI side. The ultimate strain of PL was of 43.6%±13.2% for the NI side vs 40.8%±5.1% for the IR side.\
**Abbreviations:** IR, irradiated; NI, nonirradiated; PB, peroneus brevis; PL, peroneus longus.](oajsm-7-123Fig2){#f2-oajsm-7-123}

###### 

Summary of the peroneus brevis results

  PB                                                                                                                                                                                                     
  --------------- --------------------- ----------------- ---------------- ---------------- ------------------ --------------- --------------------- ----------------- ---------------- ---------------- ------------------
  7.0             1,457                 75.7              8.6              22.0             225.0              7.0             936                   48.6              18.5             46.0             65.5
  6.0             1,323                 93.6              8.6              22.0             250.0              5.5             1,087                 91.5              12.2             31.0             131.6
  8.0             1,545                 61.5              8.0              20.0             245.5              7.5             1,480                 67.0              10.3             26.0             262.5
  7.5             1,513                 68.5              13.1             33.0             218.2              7.0             1,545                 80.3              10.7             27.0             235.7
  6.5             1,910                 115.1             12.0             30.0             303.0              8.0             1,771                 70.5              14.0             35.0             187.5
  6.0             1,318                 93.2              8.9              22.0             233.3              6.0             1,308                 92.5              11.2             28.0             168.4
  7.0             1,334                 69.3              12.9             32.0             150.0              7.0             1,102                 57.3              17.4             44.0             82.3
  **6.9 (0.7)**   **1,485.7 (209.3)**   **82.4 (19.0)**   **10.3 (2.3)**   **25.8 (5.6)**   **232.1 (45.7)**   **6.9 (0.9)**   **1,318.4 (296.9)**   **72.5 (16.6)**   **13.5 (3.3)**   **33.7 (8.3)**   **161.9 (74.0)**

**Notes:** The values in bold represent mean (SD).

**Abbreviations:** PB, peroneus brevis; NI, nonirradiated; IR, irradiated; SD, standard deviation.

###### 

Summary of the peroneus longus results

  PL                                                                                                                                                                                                      
  --------------- --------------------- ----------------- ---------------- ----------------- ------------------ --------------- --------------------- ----------------- ---------------- ---------------- ------------------
  7.5             2,106                 95.3              18.6             46.5              189.7              7.5             1,864                 84.4              13.8             34.5             193.3
  8.0             1,889                 75.2              11.1             27.7              316.7              7.5             2,201                 99.6              19.0             47.5             183.3
  7.5             2,307                 104.4             24.0             60.0              166.7              7.5             2,756                 124.8             15.4             38.5             283.3
  7.5             2,064                 93.4              20.4             51.0              190.5              7.0             1,872                 97.3              17.7             44.2             153.3
  8.0             2,092                 83.2              13.1             32.7              216.7              8.5             1,921                 67.7              15.6             39.0             165.1
  **7.7 (0.3)**   **2,091.6 (148.7)**   **90.3 (11.3)**   **17.4 (5.3)**   **43.6 (13.2)**   **216.1 (59.0)**   **7.6 (0.5)**   **2,122.8 (380.0)**   **94.8 (21.0)**   **16.3 (2.0)**   **40.8 (5.1)**   **195.7 (51.4)**

**Notes:** The values in bold represent mean (SD).

**Abbreviations:** PL, peroneus longus; NI, nonirradiated; IR, irradiated; SD, standard deviation.
